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1. Introduction
Nowadays, the ozone depletion and global warming potential of commonly used refrigerant
have been considered as a major environmental matter. The next generation of refrigerants is
obliged, not only to be environment friendly, but also to provide high efficiency [1]. Therefore,
considerable attention has been focused on the application of natural refrigerant. However,
safety issues have been established, such as special demands or suitable applications for
refrigerants which include high working pressure, flammability, or toxicity.
Propane is a natural refrigerant that has no ODP and low GWP. It is also a non-toxic chemical
and has a suitable thermodynamics and a transport property which are almost similar with
those of HFC refrigerant. Other advantages of propane include compatibility with most
materials used in HFC equipment and miscibility with commonly used compressor lubricant.
The HFC systems such as R22 one can use propane without major changes. Nonetheless,
propane has a high flammability that meets the safety demands of refrigerants in design and
operation. It means that the propane refrigeration systems should work with minimum
refrigerant charges and zero refrigerant leakage.
The question now is: “Could the refrigeration systems avoid leakage?” The answer comes from
the difference between the design and the actual, which is a challenge. Mobile air conditioning
and commercial refrigerant systems are two types of those that have the largest amount of
leakage. The estimated leakage rates of these systems are 7% and 15-20% of the total charges,
respectively [2]. Although the leakage percentage improves every year through the develop‐
ment of technology, it is still high and could not possibly reach the ideal case in the near future.
The fact clearly shows that the designs of propane systems currently need a decrease in the
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amount of refrigerant charges to as minimal as possible. And one of the best solutions at present
is the decrease in the size of the heat exchanger. Compact heat exchangers using minichannels
and microchannels have more efficient heat transfer performance than conventional types, due
to their higher heat transfer area per refrigerant volume. Given that, the systems could reduce
the refrigerant changers but still keep the coefficient of performance. However, since various
researches observed the many differences of heat transfer and pressure drop of refrigerants in
the mini/microchannels and conventional channels [3, 4]. The studies on these characteristics
of propane in mini/microchannels and valuable information will be provided for researchers
in related fields.
In fact, in the past few decades, numerous interesting researches were published in literature
such as the studies of [5-9]. Nevertheless, the following chapter does not attempt to review all
the available literature but those most focused on the particular heat exchanger design only
or the consideration on the heat transfer and pressure drop separately. The intention is to rather
present a basis on heat transfer and pressure drop of propane in minichannels, simultaneously
under the variation of mass fluxes, heat fluxes, saturated temperature, and tube diameter. The
phenomenon will be explained thoroughly by its mechanism that shows some differences
observed in the conventional channel. Furthermore, the development of heat transfer coeffi‐
cient and pressure drop correlations are demonstrated. The content is believed to bring up the
general understanding, as well as useful information on heat exchanger designs to the readers.
2. Experimental apparatus and data reduction
2.1. Experimental model
The schematic diagram of experimental apparatus is depicted in Fig. 1. The facilities were built
by Choi et al. [6]. Looking inside, the model mainly comprises the condensing unit, sub-cooler,
receiver, pump, mass flow meter, preheater, and test section. The closed refrigeration cycle
starts from the receiver. The liquid refrigerant was, at first, pumped by a magnetic gear pump.
Then, it was passed through a Coriolis mass flow meter. Before entering the test section, the
mass quality of the refrigerant was adjusted by the preheater. At the test section, it was
evaporated by applying heat from an AC transformer. The vapor refrigerant at the outlet of
the test section was condensed by the condenser and then the liquid refrigerant comes back to
the receiver. In this model, the flow rate of the refrigerant can be acquired by controlling the
frequency of the gear pump. The photograph of the apparatus is presented in Fig. 2.
The test section was made of stainless steel smooth tube with inner diameters of 1.5mm and
3.0 mm and heated lengths of 1000mm and 2000 mm, respectively. The temperatures of the
outside surface of the test section were measured at the top, on both sides, and at the bottom
each at 100mm axial intervals from the inlet to the outlet. In this model, Choi et al. [6] used the
T-type thermocouples with the outside diameter of 0.1mm. To measure the local pressure in
the test section, two pressure gauges were set up at the inlet and outlet. Another differential
pressure was used to estimate the exact pressure drop during the evaporation in the test tube.
Two sight glasses with the same inner diameter as the test section were installed to visualize
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the flow. After all, the test sections and the other components were well isolated by rubber and
foams to reduce the effect of the environment. The details of the test section are depicted in
Fig. 3.
One of the most important parts in this testing model is to test the heat balance on a test tube.
The total electric power was calculated by the root mean square values of electric voltage and
current. The heat balance procedure was taken with each tube. The results were then corrected
by using logarithmic regression method. The final deviation of electric power was within 5%.
The estimated uncertainties of other parameters were also evaluated with the confidence of
95%. The summary is shown in table 1. The testing conditions in study of Choi et al. [6] were
also illustrated in table 2. All the properties of refrigerant were queried from REFPROP. 8.
Figure 1. The schematic of apparatus
Figure 2. The Photograph of apparatus
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2.2. Data reduction
2.2.1. Pressure drop
The total pressure drop of saturated refrigerants comes from the variation of kinetic energy,
potential energy, and the friction of the two-phase flow on the wall. In horizontal tubes, the
potential energy can be neglected, thus, the total pressure drop is the sum of the momentum
pressure drop and the frictional pressure drop. Assuming that the pressure drop linearly
increases with the tube length, the saturation pressure at the starting point of saturation regime
is interpolated from the measured pressure and the calculated subcooled length. The experi‐
mental two phase frictional pressure drop can be determined as follows:
æ ö æ ö æ ö- = - - -ç ÷ ç ÷ ç ÷è ø è ø è ø
dp dp dpF adz dz dz (1)
The refrigerant is evaporated from liquid at the saturation temperature to vapor-liquid mixture
at mass quality x with a linear change of test distance over the tube length. Hence, the
momentum pressure drop can be calculated with following equation:
2 2
2 (1 )
(1 )ar a r
æ ö-æ ö- = +ç ÷ç ÷ ç ÷-è ø è øg f
dp d x xa Gdz dz (2)
Choi et al. [6] compared various void fraction models including the ones proposed by Steiner
[10], CISE [11], and Chisholm [12] with the homogeneous model and their experimental data.
The correlation proposed by CISE shows the best agreement with the homogeneous model,
while Steiner’s correlation shows the best prediction for the experimental data as shown in
Fig. 4. Therefore, the void fraction in their study is obtained from the Steiner [10] void fraction
as follows:
10.25
0.5
1.18(1 ) ( )1(1 0.12(1 )) s r ra r r r r
-é ùé ù- -æ ö- ë ûê ú= + - + +ç ÷ç ÷ê úè øë û
f g
g g f f
x gx x xx G (3)
The friction factor was determined from the measured pressure drop for a given mass flux by
using the Fanning equation,
22
r æ ö= -ç ÷è øtp
D dpf FG dz (4)
where the average density is calculated with the following equation:
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(1 )r ar a r= + -g f (5)
The two phase frictional multiplier, ϕ fo2 , is determined by dividing the calculated frictional
two-phase pressure drop to the pressure drop of the liquid flow assuming the total flow to be
liquid. The equation is defined as:
2
2 2/ /f r
æ öæ ö æ ö æ ö= - - = - ç ÷ç ÷ ç ÷ ç ÷ ç ÷è ø è ø è ø è ø
fo
fo
tp fo tp f
f Gdp dp dpF F Fdz dz dz D (6)
Figure 3. The schematic of test sections
Test section Horizontal stainless steel circular smooth small tubes
Quality Up to 1.0
Working refrigerant Propane
Inlet diameter (mm) 1.5 and 3.0
Tube length (mm) 1000 and 2000
Mass flux (kg m-2 s-2) 50-400
Heat flux(KW m-2) 5-20
Inlet Tsat (℃) 0, 5, 10
Table 1. Experimental Conditions
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Parameter Uncertainty at a 95% confidence level
Thermocouples (°C) ±0.62
P (kPa) ±2.5
G (%) ±5.89
q (%) ±2.54
x (%) ±6.21
h(%) ±6.89
Table 2. Summary of the estimated uncertainty
Figure 4. Void fraction comparison between the homogenous model and the existing correlations
2.2.2. Heat transfer coefficient
Choi et al. [6] determined the inside tube wall temperature, Twi, by the average inside temper‐
ature of the top, both right and left sides, and bottom wall temperatures. As demonstrated in
the apparatus module, the heat was applied on test tubes through uniform current, and the
local temperature was evaluated at the cross section where there is an attached the thermo‐
couple, hence, the inside wall temperatures at each point could be determined by using steady
state one-dimensional radial conduction heat transfer through the wall with internal heat
generation. The quality, x, at the measurement location, z, was determined based on the
thermodynamic properties.
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-= g
fg
i ix i (7)
In fact, the refrigerant flow was not completely saturated at the inlet of the test section. The
flow becomes totally saturated after a short initial length of tube when the heat, which is called
a subcooled length, was applied. Therefore, to ensure the accuracy of data reduction, the
subcooled length is calculated using the following equation:
( / )
- -= =D
f fi f fi
sc
i i i iz L Li Q W (8)
The outlet mass quality was then determined using the following equation:
D + -= fg fo
fg
i i ix i (9)
3. Results and discussion
3.1. Two-phase flow pressure drop
The study of Choi et al. [6] showed that mass flux, heat flux, inner tube, and saturation
temperature all have affected the two-phase flow pressure drop of propane in minichannels.
The effect of mass flux on the pressure drop is shown in Fig. 5. It can be seen that the mass flux
has a strong influence on the pressure drop. As described above, the two-phase pressure drop
is mainly caused by the frictional and acceleration pressure drop. The increase in the mass flux
results in a higher flow velocity, which increases both of the two components and, therefore,
increases the pressure drop. The similar trends were reported in the studies [13-17]. The strong
effect of heat flux on the pressure drop is also described in Fig. 5. An increase in the heat flux
causes a higher vaporization. The average vapor quality and flow velocity of higher heat flux
conditions increase faster than those of lower ones, and lead to the increase of the pressure
drop when the heat flux increases. The results were in well agreement with the study of Zhao
et al. [13]. In addition, Fig. 5 illustrates the effect of the tube diameter on the pressure drop.
The comparison of the pressure gradient with the inner diameter of 1.5 and 3.0 mm shows that
it is higher in smaller diameter. This phenomenon can be explained by saying that the wall
shear stress is higher in smaller tubes, which results in both higher frictional and acceleration
pressure drop. The effect of saturation temperature on the pressure drop is also observed in
Fig. 5. The pressure gradient is higher at a lower saturation temperature. The physical
properties are believed to be the reason for this phenomenon. The liquid density and the
viscosity of propane increase when the saturation temperature decreases. Hence, at the
constant mass flux conditions, the liquid velocity becomes lower, while the vapor velocity is
higher. This means the pressure drop increases during evaporation as the saturation temper‐
ature decrease.
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Figure 5. The effect of mass flux, heat flux, inner tube diameter and saturation temperature on the pressure drop
Figure 6. Variation of the two-phase frictional multiplier data with the Lockhart-Martinelli parameter
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The comparison of the two-phase frictional multiplier data with the value was predicted from
the Lockhart Martinelli correlation with C factors equal to 5 and 20. The value of factor Cs was
evaluated follow the study of Chisholm [18]. As shown in figure 6, the presented data is
distributed in all regimes: under the baseline C = 5, upper the baseline C = 20, and between the
two baselines. That means the flow characteristics include laminar, co-current laminar-
turbulent, and turbulent flows were observed in the data.
In order to validate the experimental data, the frictional pressure drop of propane was
compared with the 13 existing correlations [19 – 31] as shown in Table 3. Among them, the
correlations of Mishima and Hibiki [19], Friedel [20] and Chang et al. [21] showed the best
prediction with the experimental data. Mishima and Hibiki [19] proposed the frictional
pressure drop for air-water in the vertical tube with an inner diameter of 1 to 4 mm, based on
the Chisholm’s equation. Before that time, using a large database, the model developed by
Friedel [20] can be used to predict the frictional pressure drop in both the horizontal and
vertical upward flow. The correlation of Chang et al. [21] was developed with the data of R410A
and air-water in a 5mm smooth tube. Other correlations, including 4 homogenous models
proposed, showed large mean deviations.
Pressure drop correlations
Deviation (%)
Mean Average
Mishima and Hibiki [19] 35.37 -25.08
Friedel [20] 38.79 -21.91
Chang et al. [21] 38.86 -21.99
Cicchitti et al. [22]-homogeneous 48.67 -40.27
Beattie and Whalley [23]-homogeneous 54.68 -51.69
McAdams [24]-homogenous 56.07 -53.73
Dukler et al. [25]-homogeneous 58.75 -57.32
Lockhart and Martinelli [26] 41.36 3.46
Chisholm [27] 45.24 18.00
Zhang and Webb [28] 46.82 7.58
Chen et al. [29] 63.67 -63.60
Kawahara et al. [30] 73.04 -72.92
Tran et al. [31] 77.99 35.60
Table 3. Deviation of the pressure drop comparison between the present data and the previous correlations.
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Lockhart and Martinelli
[26]
ϕf2 =1− CX tt +
1
X tt2 ;
X tt = ( 1− xx )0.9( ρgρf )0.5( μfμg )0.1; Cturbulent−turbulent =20
Friedel [20]
ϕ fo2 =(1−x)2 + x 2 (ρf f go) / (ρg f fo) + 3.24A2A3F r −0.045W e −0.035
A2 = x 0.78(1−x)0.224
A3 = ( ρfρg )0.91( μfμg )0.19 1− ( μfμg ) 0.7
Chisholm [27]
ϕ fo2 =1 + (Γ 2−1) Bx 0.875(1− x)0.875 + x 0.175
Γ 2 = ( dpdz )go / ( dpdz ) fo
Γ G(kgm −2s −1) B
≤9.5
≤500
500<G <1900
G ≥1900
4.8
2400 / G
55 / G 0.5
9.5<Γ <28 ≤600>600
520 / (ΓG 0.5)
21 / Γ
≥28 - Γ 2G 0.5
Mishima and Hibiki [19]
ϕf2 =1− CX tt +
1
X tt2
X = (− dpdz F ) f / (− dpdz F )g
C =21(1− e −319×10−6)
Tran et al. [31]
ϕ fo2 =1 + (4.3Γ 2−1)(Nconf x 0.875 + x 1.75)
Γ 2 = ( dpdz )go( dpdz ) fo ; Nconf =
α
g (ρf − ρg )
0.5
D
Zhang and Webb [28] ϕ fo2 =(1− x)2 + 2.87x 2( PPc )−1 + 1.68x 0.8(1− x)0.25( PPc )−1.64
Table 4. Summary of some correlations of two-phase flow pressure drops.
3.2. Heat transfer coefficient
The mass flux, heat flux, inner tube, and saturation temperature also have affected the two-
phase flow boiling heat transfer coefficient of propane in the minichannels. Fig. 7 shows the
effect of mass flux on heat transfer coefficient. No significant effect of mass flux on the heat
transfer coefficient was observed in the low quality region. This phenomenon indicates that
the nucleate boiling heat transfer is predominant. The similar tendency of nucleate boiling was
performed in numerous studies by Kew and Cornwell [32], Lazarek and Black [33], Wambs‐
ganss et al. [34], Tran et al. [35], and Bao et al. [36], those that used small tubes. The dominant
of nucleate boiling heat transfer occurred due to the effect of small channels and the physical
properties of the refrigerant. The heat transfer coefficient is higher with higher heat flux at high
quality regime since the development of convective boiling heat transfer. The trend also depicts
that the drop of heat transfer coefficient appears sooner in higher mass flux. The flow pattern
develops faster in the smaller tube and higher mass flux, which lead to the occurrence of dry
patches at lower quality.
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Figure 7. The effect of mass flux on heat transfer coefficient
The influence of heat flux on the heat transfer coefficient is illustrated in Fig. 8. The strong
effect of heat flux is observed at a low quality regime. It means that the nucleate boiling heat
transfer contribution is dominant. When the vapor quality increases, the nucleate boiling heat
transfer is suppressed. Therefore, the effect of heat flux becomes limited. The heat transfer
coefficient increases continuously in high quality regime, but no difference is found in given
conditions. It shows that the convective boiling heat transfer contribution is predominant in
this regime.
Figure 8. The effect of heat flux on heat transfer coefficient
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Fig. 9 shows the effect of a tube diameter on the heat transfer coefficient of propane. The heat
transfer coefficient is higher in a smaller tuber diameter at a low quality regime. It can be
explained that the nucleate boiling is more active when the tube diameter decreases. In
addition, the heat transfer performance is higher in smaller tubes at given conditions due to
the increase in contact surface per refrigerant volume.
Figure 9. The effect of inner tube diameter on heat transfer coefficient
Fig. 10 illustrates the effect of saturation temperature on the heat transfer coefficient. The
increase in saturation temperature leads to the increase in heat transfer coefficient. The reason
is that the surface tension is lower and the saturation temperature is higher when the saturation
pressure increases. Hence, the heat transfer coefficient is higher when it is considered during
the vapor formation in the boiling process.
Figure 10. The effect of saturation temperature on heat transfer coefficient
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4. Development of new correlations
4.1. Pressure drop correlation
The accuracy of predicting two-phase flow pressure drops in heat exchanger devices is quite
important in the design and performance optimization of refrigeration systems. For a simple
example, if the predicting method shows a higher value compared to the real value, the
material design will cost higher. While, on the other hand, if the predicting value is lower than
the real value, the performance of the design system would not reach the estimated values. In
addition, the comparison of experimental pressure drops of propane and existing correlations
described above showed high deviations. Hence, a more precise pressure drop correlation was
proposed by Choi et al [6]. The new correlation was developed based on the method of
Lockhart and Martinelli [26]. The pressure drop model of Lockhart and Martinelli [26] is
defined in the basis pressure drop of three terms including the liquid phase, vapor phase, and
the interaction between two phases. The ideal can be expressed in the following equation:
1/2é ùæ ö æ ö æ ö æ ö æ ö- = - + - - + -ê úç ÷ ç ÷ ç ÷ ç ÷ ç ÷è ø è ø è ø è ø è øê úë ûtp f f g g
dp dp dp dp dpF F C F F Fdz dz dz dz dz (10)
The two-phase frictional multiplier based on the pressure gradient for the liquid alone flow,
ϕf2, is calculated by dividing Eq.(10) by the liquid phase pressure drop, as is shown in Eq. (11).
1/2
2
2
11 1f
é ùæ ö æ ö æ ö- - -ç ÷ ç ÷ ç ÷ê úè ø è ø è øê ú= = + + = + +ê úæ ö æ ö æ ö- - -ç ÷ ç ÷ ç ÷ê úè ø è ø è øë û
tp g g
f
f f f
dp dp dpF F Fdz dz dz CCdp dp dp X XF F Fdz dz dz
(11)
The Martinelli parameter, X, is defined by the following equation:
1/2
1/2 1/2 1/22 2
2 2
2 (1 ) / 1
2 /
r r
r r
é ùæ ö-ç ÷ê ú é ù æ ö æ ö- -è ø æ öê ú= = = ç ÷ ç ÷ê ú ç ÷ç ÷ ç ÷ê úæ ö è øê úë û è ø è ø-ç ÷ê úè øë û
f f g f g
g f g f
g
dp F f G x D fdz xX dp f G x D f xFdz
(12)
The friction factor in Eq. (12) was determined by the flow conditions: laminar (for Re < 1000),
f =16Re−1, or turbulent (for Re > 2000), f =0.079Re−0.25. For the transition regime, the frictional
factor was calculated by interpolating the equations of two regimes.
As discussed in the section above, the experimental result showed that the pressure drop is a
function of mass flux, inner tube diameter, surface tension, density, and viscosity. Therefore
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Choi et al. [6] proposed the factor C in Eq. (11) as a function of the two-phase Weber number,
Wetp, and the two-phase Reynolds number, Retp. A new factor C was developed using the
regression method, as shown in Eq. (13).
2 0.323 0.24
2
11 1732.953 Ref - -æ ö= - - = ´ç ÷è øf tp tpC X WeX (13)
Fig. 11 illustrates the two-phase frictional multiplier comparison between the propane
experimental data and the prediction with the new correlation proposed by Choi et al. [6]. The
comparison shows a mean deviation of 10.84% and an average deviation of 1.08%.
Figure 11. Comparison of the experimental and predicted pressure drop using the new developed correlation
4.2. Heat transfer coefficient correlation
Choi et al. [6] have compared the experimental heat transfer coefficients of propane with the
nine correlations for boiling heat transfer coefficient, as shown in tables 5 and 6. The Shah [37]
and Tran et al. [35] correlations provided the better prediction among the other presented
correlations. The correlation developed by Shah [37] used a large databank from 19 independ‐
ent studies with various fluids. The correlation can be used to predict the heat transfer
coefficient in both horizontal and vertical tubes. However, this correlation was developed for
conventional tubes. Tran et al. [35] proposed a nucleation-dominant form of heat transfer
coefficient correlation based on the data of R-12 and R-113 in small circular and rectangular
channels. Other correlations include the ones proposed by Jung et al. [38], Gungor and
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Winterton [39], Takamatsu et al. [40], and Kandlikar and Steinke [41], where the mean
deviation is around 30%. The Gungor–Winterton’s correlation [39] was a modification of the
superposition model; it was developed using some fluids in several small and conventional
channels with various test conditions. The correlations proposed by Wattelet et al. [42] and
Chen [43] showed a large mean deviation, since both of them were developed for large tube
diameters. The correlation proposed by Zhang et al. [44] used the data of some working fluids
without any hydrocarbon, hence, couldn’t predict the present data well. The above compari‐
sons showed the need of developing a more accurate heat transfer coefficient correlations.
Based on the one proposed by Chen [43], Choi et al. [6] developed a new correlation for the
two-phase flow boiling of propane. He noted that the correlation only used the experimental
data prior to the dry-out.
It is well known that the flow boiling heat transfer is mainly governed by the following two
important mechanisms: nucleate boiling and forced convective evaporation. The basic form is
described by Chen [43] as follows:
. .= +tp conv nbh F h h S (14)
The convective component was also presented by a Dittus-Boelter type equation.
0.8 0.4(1 )0.023 mm
é ù é ù-= ê ú ê úê ú ê úë û ë û
f p f
lo
f f
c kG x Dh k D (15)
Heat transfer coefficient correlations
Deviation (%)
Mean Average
Chen [43] 50.82 18.74
Gungor and Winterton [39] 28.44 23.78
Shah [37] 19.21 3.55
Takamatsu et al. [40] 32.69 32.15
Wattelet et al. [42] 48.28 48.28
Tran et al. [35] 21.18 -6.15
Kandlikar and Steinke [41] 33.84 24.41
Zhang et al. [44] 79.21 77.89
Jung et al. [38] 26.05 23.38
Table 5. Deviation of the heat transfer coefficient comparison between the present data and the previous correlations.
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Chen [43]
h tp =S .h nb + F .h lo;where :S = fn(Retp); F = fn(X tt)
h nb =0.00122
kf0.79cpf0.45ρf0.49
σ 0.5μf0.29i fg0.24ρg0.24 ΔTe
0.24Δ pe0.75;h lo =0.023 G(1− x)Dμf
0.8 μf cp
kf
0.4 kf
D
Gungor and
Winterton [39]
h tp = Enew ×h l
Enew =1 + 3000Bo 0.86 + 1.12( x1 − x )0.75( ρlρv )0.41
If the tube is horizontal and the Froude number (F rl) is less than 0.05 then E should be multiplied by
the factor E2 = F rl(0.1−2F rl )
Shah [37]
ψ = h TPh f ; Co = ( 1x −1 )0.8( ρgρf )0.5; Bo = qGh fg ; F rf = G 2ρf2gD
h l =0.023Re f0.8Pr f0.4( kfDf )
Jung et al. [38]
h tp =S .h SA + F .h lo
h SA =207
k1
bd ( qbdk1Tsat )0.745( ρgρf )0.581Pr f 0.533;
h l =0.023Re f0.8Pr f0.4( kfDf )
bd =0.0146( 35π180 )
2σ
g(ρf −ρg)
0.5
S =4048X tt 1.22Bo 1.13 for : X tt <1
F =2.37(0.29 + 1X tt )0.85
Wattelet et al.
[42]
h tp = h nbn + h cbn 1/2;n =2.5
h nb =55pr0.12(−0.4343lnpr)−0.55M −0.5q 0.67
h cb =0.023Re f0.8Pr f0.4( kfDf )× F × R
F = fn(X tt);andS = fn(Retp)
Tran et al. [35] h =(8.4x10−5)(Bo 2W ef )0.3( ρfρg )−0.4
Kandlikar and
Steinke [41]
h tp
h f = D C1 o
D2(1−x)0.8 fn(F r fo) + D3Bo D4(1−x)0.8Fn
fn(F r fo)=1
Zhang et al. [44]
h tp =S .h nb + F .h sp
h nb =0.00122
kf0.79cpf0.45ρf0.49
σ 0.5μf0.29i fg0.24ρg0.24 ΔTe
0.24Δ pe0.75
h sp =MAX (h Dittus−Boelter)if Re f <2300;h sp =(h Dittus−Boelter)if Re f ≥2300
S = fn(Re f ); F = fn(ϕf )
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Takamatsu et al.
[40]
h tp = F .h lo + S .h pb
h lo =0.0116Relo0.89Prl0.4
kl
Di
F =(1−
2
X tt−0.88
)
h pb = 405C1kl{ g(ρl −ρv)2σ }0.5( S .ΔT .Lakl .Tsat )0.745( ρvρl )0.581Pr0.533 1/0.255
S =C2( ρlcplρvh fg Tsat)1.25La.F .h lo / kl
La = 2σg(ρl −ρ )v
C1 =1.35;C2 =3.3×10−5
Table 6. Summary of existing heat transfer coefficient correlations
In small channels, the contribution of force convective heat transfer normally occurs later than
it does in conventional channels due to the high contribution of nucleate boiling. Therefore,
the enhancement factor F, which describes the increase in the convective heat transfer when
the vapor quality increases, should be physically evaluated again. Chen [43] first introduced
the enhanced factor F as the function of Lockhart-Martinelli parameter Xtt, F = fn(X tt). Zhang
et al. [44], later, took the flow condition effect in the enhanced factor into account. They
introduced the relationship F = fn(ϕf2), where (ϕf2) is a general form proposed by Chisholm [18],
as shown in Eq. (11). The values of the Chisholm parameter, C, are 20, 12, 10, and 5 corre‐
sponding to the four flow conditions of liquid and vapor: turbulent–turbulent (tt), laminar–
turbulent (vt), turbulent–laminar (tv) and laminar–laminar (vv). However, as seen in the
evaluation of existing heat transfer correlation above, the correlation of Zhang et al. [44] shows
a large deviation with the present data. Hence, the factor F needs to reform to fit in the data.
Choi et al. [6] modified the enhancement factor F as a function of (ϕf2), F = fn(ϕf2), where (ϕf2)
is obtained from Eq. (11) - (13). The value of C in study of Choi et al. [6] is calculated by an
interpolation of the Chisholm parameter with thresholds of Re = 1000 and Re = 2000 for the
laminar and turbulent flows, respectively. On the other hand, the enhancement factor F must
be reduced to 1 for pure liquid or pure vapor, and be greater than 1 within the two-phase
regime. Hence, using a regression method, the formula of F is satisfied as follows:
(0.5 ,1)f= fF MAX (16)
A new factor F is shown in Fig. 12.
Cooper [45] developed a correlation that used a large nucleate boiling data bank. Kew and
Cornwell [32] and Jung et al. [46] showed that the Cooper [45] pool boiling correlation best
predicted their experimental data. Therefore, the prediction of the nucleate boiling heat
transfer for the present experimental data used Cooper [45], which is a pool boiling correlation
developed based on an extensive study,
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( ) 0.550.12 0.5 0.6755 0.4343ln - -= -r rh p p M q (17)
To account for the suppression of the nucleate boiling when vapor quality increases, Chen [43]
defined the nucleate boiling suppression factor S, which is the ratio of mean superheat
temperature, ΔTe, to the wall superheat temperature, ΔTsat . Jung et al. [38] introduced the
suppression factor N as the function of Xtt and boiling number, Bo, to take into account the
strong effect of nucleate boiling in flow boiling. On the other hand, to consider the effect of
flow conditions, the Lockhart – Martinelli parameter Xtt is replaced by the two-phase frictional
multiplier, ϕf2. Using the regression program and the experimental data, a new nucleate boiling
suppression factor was proposed by Choi et al. [6]. It is as follows:
( )0.0022 0.816181.458 f= fS Bo (18)
The new heat transfer coefficient correlation is developed using 461 data points. Fig. 13 shows
the comparison of the experimental heat transfer coefficient and the predicted one. The new
correlation archives a good prediction with a mean deviation of 9.93% and an average
deviation of -2.42%. When the C factor of the Chisholm [18] method is used to obtain ϕf2 for
equations (11) and (16), the heat transfer coefficient also showed a good comparison mean
deviation of 14.40%.
Figure 12. Two-phase heat transfer multiplier as a function of ϕf2
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Figure 13. Comparison of the experimental and predicted heat transfer coefficients using the new developed correla‐
tion
5. Concluding remarks
This chapter demonstrated the convective boiling pressure drop and heat transfer experiments
of propane in horizontal minichannels. The content is summarized as follows:
1. The experimental pressure drop of propane was well predicted by the models proposed
by Mishima and Hibiki [19], Friedel [20] and Chang et al. [21]
2. The pressure drop increases with the increase of mass and heat fluxes, and the decrease
in the inner tube diameter and saturation temperature. The experimental results illustrat‐
ed that pressure drop is a function of the mass flux, the tube diameter, the surface tension,
the density, and the viscosity.
3. A new pressure drop correlation was developed on the basis of the Lockhart–Martinelli
model. The correlation was defined as a function of the two-phase Reynolds number,
Retp, and the two-phase Weber number, Wetp. In addition, a new factor C was developed
using a regression method with a mean and average deviation of 10.84% and 1.08%,
respectively.
4. The effects of mass flux, heat flux, inner tube diameter, and saturation temperature on the
heat transfer coefficient of propane were observed. The heat transfer coefficient increases
with the decrease in the inner tube diameter and the increase in saturation temperature.
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5. The heat transfer coefficient correlations proposed by Shah [37] and Tran et al. [35] show
an accurate prediction with the current heat transfer coefficient experimental data.
6. The geometric effect of the small tube and flow condition must be considered to develop
a new heat transfer coefficient correlation. The development of the enhanced factor F for
the convective boiling contribution, and the suppression of factor S for nucleate boiling
suppression factor have been also clearly evaluated with the consideration of laminar and
turbulent flows. A new boiling heat transfer coefficient correlation that is based on a
superposition model for propane in minichannels was demonstrated with 9.93% mean
deviation and -2.42% average deviation.
Nomenclature
A: Area (m2)
AD: Average deviation, AD= ( 1n )∑1n ((dppred−dpexp)×100 / dpexp)
Bo: Boiling number, Bo= qGifg
C: Chisholm parameter
cp : Specific heat (kJ kg−1 K−1)
D: Diameter (m)
f: Friction factor
G: Mass flux (kg m-2 s-1)
g: Acceleration due to gravity (m s-2)
h: Heat transfer coefficient (kW m-2K-1)
i: Enthalpy (kJ kg-1)
L: Tube Length (m)
MD: Mean deviation, MD= ( 1n )∑1n |((dppred−dpexp)×100 / dpexp)|
M: Molecular weight (kg kmol-1)
n: Number of data
p: Pressure (kPa)
Q: Electric power (kW)
q: Heat flux (kW m-2)
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Re: Reynolds number, Re= GDμ
T: Temperature (K)
ṁ: Mass flow rate (kg s-1)
X: Lockhart-Martinelli parameter
x: Vapor quality
z: Length (m)
Greek letters
α: Void fraction
Δi: The enthalpy rise across the tube (kJ kg-1)
μ: Dynamic viscosity (N s m-2)
ρ: Density (kg m-3)
σ: Surface tension (N m-1)
ϕ²: Two-phase frictional multiplier
ΔT: Wall super heat (K)
Gradients and differences
(dp/dz): Pressure gradient (N m-2 m-1)
(dp/dz F) : Pressure gradient due to friction (N m-2m−1)
Subscripts
crit : Critical point
exp: Experimental value
f: Saturated liquid
fi: Inlet liquid
g: Saturated vapor
i: Inner tube
lo: Liquid only
o: Outlet tube
pb: Pool boiling
pred: Prediction value
r: Reduced
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sat: Saturation
sc: Subcooled
t: Turbulent
tp: Two-phase
v: Laminar
w: Wall
wi: Inside tube wall
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